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The last two decades have seen a growing trend towards the experimental efforts
at the electron-proton collider HERA in which have collected high precision data on
the spectrum of leading neutron (LN) and leading-proton (LP) carrying a large fraction
of the proton’s energy. In our recent study [Phys. Rev. D 95 (2017), 074011], we
have proposed an approach based on the Fractures Functions (FF) formalism and have
extracted the neutron Fracture Functions (neutron FFs) from a global QCD analysis of
LN production data measured by H1 and ZEUS collaborations at HERA. We have shown
that considering the approach based on the framework of Fracture Functions, one could
phenomenologically parametrize the neutron FFs at the input scale. In order to access
the uncertainties for the obtained neutron FFs as well as the LN structure functions and
cross section, associated with the uncertainties in the data, we have made an extensive
use of the “Hessian method”. Our theory predictions based on the obtained neutron FFs
are in satisfactory agreement with all LN data analyzed, for a wide range of β and xL.
Keywords: Leading-neutron productions; QCD analysis; Fracture functions approach.
1. introduction
In addition to the rapid advances in the field of inclusive deep inelastic scattering
(DIS) processes, there are considerable attention toward the semi inclusive DIS
(SI-DIS), in which apart from the scattered electrons, one or more particles are
also detected in the target fragmentation regions. Leading neutron (LN), which is
produced in target fragmentation region in the ep collisions, carry a large fractions
of incoming hadron energy and they are also produced in the small polar angle
with respect to the collision axis, θN = 0.8 mrad. In order to describe the semi-
inclusive cross section for the production of LN, new distribution functions should
be introduced. These functions are the so-called ”neutron fracture functions”1–4.
Considering the fracture functions framework and LN data produced by H1 and
ZEUS collaboration, we present the results of our QCD global analysis for the
neutron FFs. Recent developments in the field of Fracture Functions have led
to a renewed interest to the QCD analysis of LN data2–4. The purpose of these
investigations is to determine the neutron FFs from LN production data.
2. Leading Neutron production at HERA
LN have been observed in positron-proton collisions at HERA5,6. These recent
data sets cover a large kinematic range of xB and Q
2 which have been presented
ar
X
iv
:1
71
2.
00
57
1v
1 
 [h
ep
-p
h]
  2
 D
ec
 20
17
September 11, 2018 20:23 ws-procs961x669 WSPC Proceedings - 9.61in x 6.69in HEPFT2017˙Proceedings˙Russia˙New
page 2
2
in Table. 1 for review. Semi-inclusive structure functions are defined by a four-fold
Experiments Q2 GeV2 [xminB , x
max
B ] # of data points Nn
H1 data5 [7.3–82] [1.5× 10−4–3.0× 10−2] 203 0.9922
ZEUS data6 [7–1000] [1.1× 10−4–3.2× 10−2] 300 1.0033
Total 503
differential cross section for LN production as follows4:
d4σ(ep→ e′nX)
dβ dQ2 dxL dt
=
4piα2
βQ4
(1− y + y
2
2
)F
LN(4)
2 (β,Q
2;xL, t) + F
LN(4)
L (β,Q
2;xL, t) .(1)
where the scaled fractional momentum variable β and the longitudinal momentum
fraction xL are given by:
xL ' EN
Ep
and β =
xB
1− xL , (2)
where EB is the energy of final-state baryon, xB is the Bjorken variable, and Ep
is the proton beam energy. In Eq. (1), t is the squared four-momentum transfer
between the incident proton p and the final state neutron N . The t integrated
differential cross section can be obtained by
d3σ(ep→ e′nX)
dβ dQ2 dxL
=
∫ tmin
t0
d4σ(ep→ e′nX)
dβ dQ2 dxL dt
dt =
4piα2
βQ4
(1− y + y
2
2
)F
LN(3)
2 (β,Q
2;xL)
+ F
LN(3)
L (β,Q
2;xL) , (3)
where the integration limits are given by:
tmin = −(1− xL)(m
2
N
xL
−m2p) and t0 = tmin −
(pmaxT )
2
xL
. (4)
pmaxT is the upper limit of the neutron transverse momentum used for the LN struc-
ture function F
LN(3)
2 measurement. In our recent analysis
2, which is related to our
QCD analysis of LN production, we define the reduced e+p cross section σ
LN(3)
r in
term of LN transverse F
LN(3)
2 and the longitudinal structure functions F
LN(3)
L as
5,6
σLN(3)r = F
LN(3)
2 (β,Q
2;xL)− y
2
1 + (1− y)2F
LN(3)
L (β,Q
2;xL) . (5)
3. Fracture Functions and One Pion Exchange model
As shown in Figure. 1, the semi-inclusive DIS cross section is separated into two
kinemtaical region:
σ`+A−→`′+h+H+X = σcurrent + σtarget (6)
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First term in this equation is related to the current fragmentation region that
it can be described by the fragmentation function, which are discussed in litera-
ture7–10. However, in order to describe the second term a new non-perturbative
quantity is needed. Considering the QCD improved parton model, this term can
be computed as convolution of some un-calculable but process-independent quan-
tity,Mn/hi (x,Q2;xL), called Fracture Functions (FFs) with process-dependent but
calculable elementary cross sections1:
σtarget(xL) =
∫ 1−xL
0
dx
x
Mn/hi (x,Q2;xL)σhardi (x,Q2) . (7)
The main goal of this paper is to present neutron FFs from QCD analysis of LN
production in the semi-inclusive DIS reaction ep → enX at HERA. It is worth
noticing here that since pmaxT has small value, as have shown in Figure. 1 part c,
the relative contribution of one pion exchange (OPE) will enhance11,12. Therefore,
while in ZEUS data6, the value of pmaxT is declared as p
max
T = 0.656xL GeV, we
have adjusted ZEUS data to H1 data using the following relation6,13:
dσγ
∗p→Xn
dp2T
∝ e−b(xL) p2T , (8)
where σγ
∗p→Xn is the the virtual photon-proton cross section for the process γ∗p→
Xn. The slope b(xL) can be parameterized as b(xL) = (16.3 xL − 4.25) GeV−2.
Recently, we consider the asymmetry of the valance and sea quark distributions of
Fig. 1. Figure (a) and (b) shows the current and target fragmentation region, respectively as
given in Eq. 61. Figure (c) shows the OPE model as describe in the text.
nucleon in Ref.3. In this QCD global analysis, by considering equal contributions
for the light quarks, we pick out the singlet and gluon distribution of LN as input
values in an initial scale Q2 = 1GeV2:
βMNΣ/P (β,Q20;xL) =Wq(xL)βaq (1− β)bq (1 + cq β) ,
βMNg/P (β,Q20;xL) =Wg(xL)βag (1− β)bg (1 + cg β) (9)
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in which Wq(xL) and Wg(xL) are given by
Wq(xL) = Nq xAqL (1− xL)Bq (1 + Cq xDqL ) ,
Wg(xL) = Ng xAgL (1− xL)Bg (1 + Cg xDgL ) . (10)
Since, these distributions satisfy standard DGLAP evolution equations2,4, one can
use the QCDNUM package14. This package solve the DGLAP equations within the
zero-mass variable flavour number scheme (ZM-VFNS) at next-to-leading order
(NLO). It also provides the leading neutron transverse F
LN(3)
2 and the longitu-
dinal structure functions F
LN(3)
L as defined in Section. 2. The minimization has
been done using the standard CERN MINUIT FORTRAN package15. In this anal-
ysis, we minimized the χ2global({ζi}) function with the free unknown parameters.
This function is given by16–23
χ2global({ζi}) =
nexp∑
n=1
wn χ
2
n , (11)
where wn is a weight factor for the n
th experiment and
χ2n({ζi}) =
(
1−Nn
∆Nn
)2
+
Ndatan∑
j=1
(
(NnDdataj − T theoryj ({ζi})
Nn δDdataj
)2
, (12)
where nexp is related to the individual experimental data sets, and Ndatan corre-
sponds to the number of data points in each data set. The uncertainties of neutron
FFs as well as the LN structure functions have been obtained using the “Hessian
method”2,3,21–23.
4. results
Q20 = 1 GeV
2
M
(
, x
L, 
Q
2 0) 
 xL = 0.55
M
g(
, x
L, 
Q
2 0) 
 xL = 0.55
Q20 = 1 GeV
2
Fig. 2. The singlet and gluon momentum distribution as a function of β at the input scale
Q20 = 1GeV
2. The error bands are obtained with the Hessian methods18,21.
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Fig. 3. The educed cross section σ
LN(3)
r (β,Q
2;xL) as a function of β for some selected
values of Q2 (in GeV2 units) for xL = 0.365 and 0.550.
Using the method presented in this paper, we extract the neutron FFs. The
best parameter values obtained in our QCD global analysis have been presented
in Table. 2. Due to the limitation of LN data, the parameters marked with (*)
are fixed at their best fitted values. In Figure.2 we exhibit the singlet and gluon
βMNΣ/P (β,Q20;xL) ζi ± δζi βMNg/P (β,Q20;xL) ζi ± δζi
aq 0.116± 0.031 ag 0.0∗
bq 0.260
∗ bg 4.884∗
cq 0.523
∗ cg 9.969∗
Nq 0.245± 0.023 Ng 0.130± 0.027
Aq 0.0
∗ Ag 0.201∗
Bq 1.430± 0.092 Bg 1.740± 0.117
Cq 12.071± 2.270 Cg 29.865∗
Dq 5.307± 0.390 Dg 6.733± 0.646
momentum distribution of the neutron-FFs at the input scale, Q20 = 1 GeV
2. Our
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theory predictions for the educed cross section σ
LN(3)
r (β,Q2;xL) have been shown
in Figure. 3 as a function of β for some selected values of Q2. One can conclude
from the results that our model predictions are in satisfactory agreement with the
analyzed LN experimental data.
5. summary
In recent years, there has been an increasing interest in LN production at HERA.
In this paper, we propose a parametrized input for the neutron FFs in order to
describe the available hard scattering LN production data. The methodological
approach taken in this study is the method based on the Fracture Functions. The
obtained results are in good agreements with the data analyzed. There are several
important areas where this study makes an original contribution, especially for the
HERA and LHC phenomenology. Further investigations and experimentation into
LN and LP productions is strongly recommended.
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